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ABSTRACT 
We have developed and applied a numerical method for ground deformation hazard for the 
Cascadia and Alaska subduction zones. The subsidence hazard analysis is part of the 
proposed revision of the ASCE 7 “Minimum Design Loads and Associated Criteria for 
Buildings and Other Structures” (ASCE, 2017) includes a chapter on “Tsunami Loads and 
Effects” (Thio et al., 2017), consists of maps of probabilistic subsidence for the coastal zones 
of Cascadia and Alaska. Our approach has allowed us to develop such a map in a manner that 
is fully consistent with the next version of the USGS National Earthquake Hazard Map, and will 
be published as part of the tsunami design chapter of ASCE 7-16 in late 2016/early 2017. 

We also explored approaches for fault displacement hazard on a more localized (site-specific) 
scale, in particular given the limited amount of empirical data on surface rupture. The 
numerical approach provides the flexibility to study hazard for different parameters (e.g. 
displacement, uplift, strain) in a common framework. To this end, we have performed some 
exploratory numerical modeling of the ground deformation driven by slip on a buried rupture. 
These results clearly show the importance of soil structure and strength on the ground 
deformation at the surface. 
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1 Introduction 
Probabilistic hazard analysis of ground deformation due to earthquake faulting is a relatively 
immature field, but has wide ranging applicability, not just in fault rupture hazard but also in 
general surface deformation hazard. The most common analysis is limited to offset along the 
fault, and to assess the deformation hazard away from the fault one needs to extrapolate the 
hazard from the fault using numerical or empirical means. Similarly, for tsunami hazard 
analysis it is desirable to use a probabilistic surface deformation model as input to tsunami 
hazard calculations. For complex fault ruptures or recurrence models, or buried faults, the 
probabilistic analysis needs to be carried out all the way to the ground deformation.  

During this project, we have developed and applied a numerical method for ground 
deformation hazard for the Cascadia and Alaska subduction zones. The need for probabilistic 
uplift/subsidence hazard analysis is immediate as the proposed revision of the ASCE 7 
“Minimum Design Loads and Associated Criteria for Buildings and Other Structures” (ASCE, 
2017) includes a chapter on “Tsunami Loads and Effects” (Thio et al., 2017), and requires a 
map of probabilistic uplift/subsidence for the coastal zones of Cascadia and Alaska. Our 
approach has allowed us to develop such a map in a manner that is fully consistent with the 
next version of the USGS National Earthquake Hazard Map, and will be published as part of the 
tsunami design chapter of ASCE 7-16 in late 2016/early 2017. 

We also believe that the numerical approach can help in developing approaches for fault 
displacement hazard on a more localized (site-specific) scale, in particular given the limited 
amount of empirical data on surface rupture. The numerical approach provides the flexibility 
to study hazard for different parameters (e.g. displacement, uplift, strain) in a common 
framework.  Models of co-seismic slip distribution on faults have been developed in the last 
two decades, and several methods of generating stochastic models for earthquake slip, 
based on observed slip distributions (e.g Mai and Beroza, 2002), are now available. However, 
these models generally represent the slip in bedrock conditions at seismogenic depths since 
they are based on seismic observations.  For surface deformation, we need to understand 
how seismogenic slip at depth is transferred to the surface through weaker upper layers. To 
this end, we have also performed some exploratory numerical modeling of the ground 
deformation driven by slip on a buried rupture. These results clearly show the importance of 
soil structure and strength on the ground deformation at the surface. 

2 Surface Deformation Hazard Methodology 
Probabilistic Ground Deformation Hazard is similar to the traditional PSHA in that it describes 
the behaviour of the ground due to earthquakes in particular site locations. Instead of a 
dynamical parameter such as ground acceleration, we are concerned with a static parameter 
such as uplift and subsidence. There is very limited empirical data for these parameters 
although this situation will change with the increasing availability of geodetic (GPS) and 
remote sensing (InSAR) data post-earthquake. Nevertheless, we can estimate the ground 
deformation hazard based on a probabilistic analysis of the fault displacement by using a 
hybrid approach combining probabilistic fault displacement hazard (e.g. Stepp et al., 2001; 
Youngs et al., 2003; Petersen et al., 2011) with numerical methods of computing ground 
deformation.  
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2.1 Green’s function summation 
Numerical algorithms that compute the static ground deformation from slip on a fault surface 
have proven to be very accurate, and are often used to invert the observed displacements 
into slip distributions on the fault. Linearity of the co-seismic ground deformation in bedrock 
also allows us to efficiently integrate over a large range of sources and magnitudes. The 
linearity implies that the displacement field of any rupture can be represented by a weighted 
summation of the displacement fields of smaller ruptures (Figure 1). Thus, by dividing a fault 
plane into smaller subfaults and pre-computing the displacement fields of small unit ruptures 
on every subfault we can express any deformation field from any arbitrary earthquake on the 
fault as a weighted summation (using the actual slip as weight) of the unit subfaults.  

The integration over events is consistent with the one used for the PSHA, and the slip can be 
based on simple scaling relations of Wells and Coppersmith (1994), or the more 
comprehensive models of Petersen et al. (2011) or Youngs et al. (2003). However, the 
parameterization of the fault grids allows us also to use more sophisticated slip distribution 
based on a statistical analysis of published slip models (Somerville et al., 1999; Mai and 
Beroza, 2002). The efficiency of the Green’s function summation technique allows us to 
integrate over thousands of scenarios if necessary in just a few hours or less. 
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 Due to the linearity of the equations, we can transfer the aleatory uncertainties in the slip (i.e. 
the probabilistic fault displacement) directly into the ground displacement maps rather than 
having to integrate over a slip distribution function. Epistemic uncertainties are included in the 
usual way through logic trees.  

Figure 1. Rupture generation through subfault summation. In this example we have subdivided a 
WNW dipping normal fault into discrete elementary subfaults for which we compute the unit 
displacement field (displacement for 1 m slip on the subfault) at the surface. Because of the linearity 
of the static deformation, we can then compute the displacement field of any rupture on the fault as a 
summation of individual subfault displacement fields, weighted according to the actual slip on the 
fault, provided that the subfaults are chosen small enough to accommodate the rupture sampling 
interval of the PSHA and the minimum magnitude. Here, the subfault displacement fields from the 
center row (subfaults 2.1, 2.2 and 2.3) of the rupture are shown on the top, and summed to compute 
the displacement field for composite rupture (2, lower left), which represent an intermediate size 
earthquake. Similarly, we can model the entire rupture (lower right), i.e. the maximum earthquake size, 
by adding the remaining subfault ruptures. Note that for this example we have summed the subfault 
with unit weight, whereas in a real case we would have weighted the individual subfault contributions 
with the actual slip. Also, for the probabilistic analysis, a rupture is usually represented by several 
hundreds of subfaults, which allows for a comprehensive integration over the magnitude range and 
rupture locations. 

. 
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We closely follow the formulation of the PSHA where we define the probability of ground 
deformation as follows:  

 

ν(z) = Σ
n

 νn(z)  (1) 

where νn(z) is the annual mean number (or rate) of events on source n for which Z, which is 
now subsidence, exceeds z at the site.  The parameter νn(z) is given by the expression: 

 νn(z) = Σ
i
 Σ
j
 ßn(mi)•p(R=rj|mi)•p(Z>z|mi,rj) (2) 

 where:  

ßn(mi) = annual mean rate of recurrence of earthquakes of magnitude increment mi on 
source n 

p(Rj|mi) =  probability that given the occurrence of an earthquake of magnitude mi on source 
n, R represents the geometrical relation from the rupture surface to the site; 

p(Z > z|mi,Rj) = probability that given an earthquake of magnitude mi at a location R, the 
subsidence exceeds the specified level z. 

2.2 Aleatory variability and epistemic uncertainty 

2.2.1 Slip 
The slip distribution on faults is not uniform, but shows a clear partition into areas of high slip 
(asperities) and low slip. The non-uniform slip distribution is an aleatory variability and can be 
included by summation over a large distribution of slip distributions that represent the same 
magnitude earthquake on a fault.    

2.2.2 Numerical 
The error in the actual computation of the ground deformation from a slip distribution at 
depth, given an elastic model of the crust, appears to be small.  The main source of error is 
the use of an inappropriate crustal model – layered vs. half-space vs. 3D 
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The half-space approximation for computing surface deformation is often used due to the 
simplicity and availability of an analytical model for slip on a rectangular fault (Okada, 1985). 

Figure 2.  Multiple instances of two different size earthquakes. Top shows an M9 full rupture of the 
Cascadia subduction. The three instances are for a southern, central and northern asperity 
location respectively. Bottom shows the same for a M8.4 partial rupture.  
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However, Savage (1989, 1998) demonstrated that using a half-space approximation gives 
relative large bias compared to a layered (1-D). The difference between 1-D and 3-D models 
(Wald and Graves, 2003) is much smaller, and we therefore used a 1-D FK method (Wang et al., 
) to compute the static Green’s functions to the surface.  

Because of the much sharper dropoff of subsidence at larger distances, we can limit the 
summation in equation 2 to a much smaller set of sources than for the PSHA.  

The term p(Z > z|mi,Rj) is computed using the numerically predicted subsidence, which is the 
equivalent to the average or median ground motion level in PSHA, and a standard deviation σ 
which represents the combined aleatory uncertainty in the average slip as a function of 
magnitude and the uncertainty in subsidence as a function of slip on the fault.  We have 
combined these terms together since the relationship between the slip and subsidence is 
linear. 

As mentioned in the previous section, in lieu of an empirical model for subsidence we use a 
numerical approach to compute the subsidence as a function of slip on a rupture plane. 
Several methods for computing static deformation are available, and we computed the static 
displacement fields using a frequency-wave-number integration technique (FK) (Wang et al. 
2003, 2006), which is commonly used in earthquake source modeling.  This technique is 
preferable over the often-used analytical model of Okada (1985) because it computes the 
ground deformation using a layered crustal model rather than a half-space (Wald and Graves, 
2001). In order to allow for a proper integration step we subdivided the rupture planes into 
elementary subfaults of 1x1 km or smaller and compute displacement Green’s functions from 
every subfault to every point of a map grid.  It may be preferable, especially if one is interested 
in strain rather than simple displacements, to use 3D Green’s functions, in particular ones that 
include the effect of topography, since this may substantially change the strain components. 
Pitarka and Irikura (1996) developed a finite difference method, which includes topography as 
well as lateral variations in structure. Although this would require a much larger set of Green’s 
functions, once computed for a particular area, these would again allow us to integrate 
efficiently over several thousands of scenarios. 

Mapping errors, which are included in some of the PFDHA techniques, can be included by 
spreading the deformation according to distribution functions similar to the ones used in 
those methods if they can be regarded as epistemic uncertainties. For lateral aleatory 
variability, such as branching of the rupture plane, we can use simple numerical models to 
allow for generic branching of the fault, and distribute the deformation field along the fault. If 
branching occurs on well-defined strands, than it is straightforward to include those branches 
in the model directly. 

2.3 Results 
In Figure 2, we present several instances of two different-size earthquakes on the Cascadia 
subduction zone. Shown are the surface uplift and subsidence due to a slip distribution on the 
rupture plane, with red indicating uplift and blue subsidence. Given a certain earthquake in 
terms of fault length and width, which are obtained from a selected magnitude using scaling 
relations, we have developed several instances of the same basic earthquake with different 
slip distributions. In this case, because we are interested in large-scale deformation used for 
tsunami inundation modeling, we have chosen simple asperity models with maximum slip of 
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twice the average slip and asperities of one-third the size of the total rupture.  However, for 
more site-specific cases, this simple scheme can be directly replaced with the results from 
stochastic rupture models. Using the simple asperity model, we have integrated over a large 
set of scenarios that represent the entire logic tree with branches for scaling relations, 
backstop depth, and other parameters.  The final result is shown in Figure 3 where we present 
contours of exceedance subsidence for 2500 year (in ft) that will be included in the upcoming 
tsunami chapter of ASCE 7-16.  Similar maps have also been computed for Alaska. 

3 Surface Fault Displacement Hazard 
The surface deformation response to deeper slip is relatively straightforward for large-scale 
patterns such as uplift and subsidence, as we have shown.   For detailed, site-specific 
deformation, the issues are more complicated. Whereas faulting in bedrock can be relatively 
straightforward, the structure and geometry of the fault zone in the sedimentary overburden 
tend to be much more complex.  Due to the lower strength of the overburden, rupture on a 
single fault at depth tends to become diffuse towards the free surface. In fact, soil deposits 
can prevent faulting from reaching the ground surface (e.g., Bray et al., 1994; Oettle et al., 
2013), similar to blind thrust faults (Thio and Somerville, 2015), and otherwise cause 

Figure 3.  Probabilistic subsidence maps for the Cascadia region from the draft ASCE 7-16 tsunami 
design guidelines. The contours (every 2ft) are for the 2500 year average return period. 
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distributed folding of the ground surface separate from any discrete offset at the ground 
surface (Oettle and Bray, 2013a). 

3.1 Methodology 
Numerical modeling has been shown to accurately model the process of surface fault rupture 
through soil (Oettle and Bray, 2016). Therefore, a numerical modeling approach was selected 
herein to develop a preliminary set of soil correction factors. The numerical modeling 
methods of Oettle and Bray (2016) were largely adopted herein except that a different finite 
element code and constitutive model were employed. 

The selected finite element code was PLAXIS 2D 2016 with a hardening constitutive model 
with small strain stiffness. Model parameters representative of a typical sandy soil were 
implemented as shown in Table 1. These modeling parameters resulted in an axial soil failure 
strain in anisotropic triaxial compression at 100 kPa initial vertical stress of about 4%. 

 
Table 1. Constitutive model parameters used in the subject analyses. 

Model Parameter Value 

Drainage Type Drained 

Unit Weight 20 kN/m3 

E50
ref 15,000 kN/m2 

Eoed
ref 18,000 kN/m2 

Eur
ref 55,000 kN/m2 

Power (m) 0.5 

c’ref 0 kN/m2 

φ’ 30° 

ψ 0° 

γ0.7  0.00015 

G0
ref 80,000 kN/m2 

ν'ur
  0.2 

Pref 100 kN/m2 

K0
nc 0.45 

c’inc 0 kN/m2 

yref  0 m 

Rf 0.9 

Tension Cutoff 0 kN/m2 
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K0
int 0.45 

OCRint 1.0 

 

The soil was modeled as virgin soil, e.g., without modeling stress changes or a damage zone 
resulting from previous fault ruptures (Oettle and Bray, 2013a). This was done to simplify the 
proof-of-concept model and to make the model applicable to recently deposited soil or fill.  
Finite element analyses were conducted pseudostatically, which has been shown to be a 
reasonable modeling method for surface fault rupture models (Oettle et al., 2015).   

A series of five (5) simulations were conducted with the thickness of the overburden soil over 
a basement rock varied in each analysis. Soil depths of 5 m, 10 m, 15 m, 20 m, and 30 m were 
used. A 60° dip reverse fault was used for all analyses to facilitate comparison of the results to 
isolate the effect of overburden soil thickness. To interpret the modeling results, each model 
was conducted in two phases after the initial stress initialization: (1) an initial phase of fault 
displacement of a magnitude necessary to generate a shear band from the base fault through 
to the ground surface, and (2) after resetting the displacements within the finite element 
model, the remainder of the faulting necessary to reach a total vertical rock offset of 0.87 m 
(equivalent to 1 m when measured along the dip of the fault). The breakdown of the fault 
displacement into two phases is meant to ease interpretation of the results, as shown 
subsequently. 

The main parameter of interest for these analyses was the discrete fault offset at the ground 
surface (ysoil) compared to the basement displacement in the underlying rock (yrock). These 
displacements were measured herein in the vertical direction, i.e., not in the along fault 
direction, to facilitate interpretation, as shown in Figure 4. 

The discrete fault offset at the ground surface was measured from the numerical model by 
counting the displacement that occurred over the five adjacent elements which would result 
in the highest measured displacement, as shown in Figure 4. This assumption for offset 
measurement was necessary because the finite element model did not directly output 
movement along a shear band, as the model does not include strain softening or embedded 
strong discontinuities.  
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Figure 4. Measurements made in the finite element model for determining discrete surface offset. 

3.2 Results  
The results of the five simulations are presented in Figure 5, where the resulting ysoil/yrock is 
presented as a function of the overburden thickness. The ratio ysoil/yrock represents the 
discrete vertical soil offset at the ground surface in Phase 5 of the simulation normalized by 
the total basement rock vertical offset in Phase 1 and Phase 2 (which was held constant at 
0.87 m herein). 

Several recommendations are presented here for future research consideration: 

1. Widening application of the subject methodology to other fault types, fault dips, 
displacement magnitudes, and soil conditions. It is anticipated that significant 
normalizing of the applicable parameters can be achieved to estimate discrete surface 
offsets from a limited set of input parameters (such as soil thickness and soil failure 
strain). 

2. Studying the effect that previous fault ruptures will have on subsequent fault ruptures 
through the same soil. It is likely that pre-existing stress conditions and damage zones 
will result in greater localized shear zones at the ground surface (Oettle and Bray, 
2013a). 

3. Studying the numerical aspects of strain softening and strain localization on discrete 
discontinuities and how those numerical techniques would affect the results. 
Specifically, to refine the method used herein of using the offset measured over five 
adjacent elements as the “discrete” surface offset. 

4. A comprehensive comparison of numerically predicted ysoil/yrock compared to field 
data, and an assessment of the uncertainty associated with estimating ysoil/yrock. 

 

Measured offset 
over five elements ysoil 

yrock 

ysoil+yfold 



13 

 
Figure 5. Results of the five analyses showing the ratio of surface fault vertical offset to the basement 
rock vertical fault offset as a function of soil overburden thickness.  
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